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A 

Switching-mode, or  clarr-D, amplification may be wed t o  take 

adtnnugr  of the hi& eff ic i rncy of operating t r rn r i r to r r  i n  the r a t u r c  

tion region. Thir roport dercriber the thaoreticrl analpsir of 0 barge 

,witching-mode amplifier coafiguration, and nducee the theoretical 

rarterial t o  8 Bpecific procedure for  the prac t ica l  deriggr of witching- 

mode m p l i f i r r r  for  8 t n r i e ty  s f  applic8tionr. The brric conf ip ra t iua  

featurer hi& overal l  officterwy, law quiercent power conrumption, a 

f i l t o r rd ,  analog output a i g ~ l ,  a d  adaptabili ty t o  a wide variety 

of input, fordback a d  lord confiyurrtion,. I c l u d e d  i r  a destgn 

rxrmplr with 8 rar 

efficiency of 90% at auriare p m r  output. 

doc p m r  output of IS0 wrttr at an overall 
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THE ANALYSIS AND DESIGN OF 
A CUSS-D AMPLIFIER 

M. A. Honnell, J, K. N e w e l l ,  and M, T, McPherson 

1. XNTRODUCTICN 

class-D amplification may be defined as the following generalized 

(1) an analog input signal is  converted to  a modulated process: 

constant-amplitude pulse signal;  (2) thc modtrlated pulse signal is 

amplified; (3) an analog output s ignal  is obtained by demodulating 

the modulated pulse signal,  Class-D amplification may be accomplished 

by switching a t ransis tor  from i ts  non-conducting ("off") state, t o  

i t s  saturated ("on") state a t  a cer ta in  rate sucb that an output pulse 

of a cer ta in  duration is obtained. 

width o r  pulse frequency is modulated by an input signal,  then the input 

I f ,  fo r  example, e i ther  the pulse 

information can be recovered by passing the output pulses through a 

low pass f i l t e r .  

advantage of the most e f f i c i en t  type of t rans is tor  operation, the 

saturated-switching mode. 

Thus class-D amplification may be employed t o  take 

This report  presents a basic class-D amplifier c i r c u i t  configurr- 

t ion  i n  a general form, which is readily adaptable t o  a wide var ie ty  

of specif ic  applications. I n  the following chapters tha theoretical  

aspects of the basic derign are considered f i r s t  with a stage-by-stage 

analysis. Also conridered from a theoret ical  point of view are feed- 

1 
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back, input, and output (load) configurations, and the frequency spec- 

trum of the pulse-width-modulated signal. Pram t h i s  material a prac t ica l  

design procedure is formulated. 

the design of a 150-watt amplifier. 

tests made on the amplifier are 8 l S O  presented. 

This procedure is then employed i n  

The results of actual performmnce 

The block diagram of the basic class-D amplifier design dewloped 

is shown i n  Fig. 1-1, The input stage amplifies the difference voltage, 

a rignal proportional t o  the difference between the input and feedback 

voltages. This provides 8 control voltage t o  the pulse-width modulator. 

The modulator, driver and output rtager tach have two separate, but 

similar c i r cu i t s ,  referred t o  as the "P" channel, which responds t o  

positive control voltages and produces negative output voltages, and 

the %'* channel which respondr t o  negative control voltages and producer 

positive output voltager. The polarity of the control voltage determines 

which channel is t o  be activated and the magnitude of the control VOlt.g* 

determines the pulse width produced by the modulator. 

generrted by the modulator undergo paver amplification i n  the driver 

stage and are  coupled to the output rtage, causing tha output r t a p  

t o  operate i n  the switching mods, 

is f i l t e r ed  t o  provide an &rule@ output voltage, eo. 

Tha pulrer 

The high-power pulse signal ganerated 

Soma of the feature8 possersed by the basic amplifier derign 

presented are: 

d-c output voltages (A d-c voltage of either polarity); (2) r v x i r u  

(1) the capabili ty of producing both a-c and bipolar 

power output of several hundred watt8 without 8ignif icant departure 

from the basic derign; (3) overall  d-c efficiency of SO% 8t amxin*ras 

power output with efficiency remaining re la t ive ly  high over -It 
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of the range of power output; (4) very low quiescent power consrrmption; 

and (5) input and output: circuitry adaptable to I wide variety of signal 

aources. loads, and faadback cmf igurationa , 



2. INWTSTAGE 

The input stage is a high-gain operational amplifier with local 

feedback, connected such tha t  the rtage is a non-inverting amplifier. 

A schematic diagram of the input stage is sham i n  Fig. 2al. The 

primary function of the input stage is t o  provide the complete class-D 

amplifier with a high open-loop voltage gain, In addition, the input 

rtage provides the complete amplifier with a high-impedance input and 

a180 provides a convenient means of introducing frequency compensation 

for  s tab i l iza t ion  of the complete amplifier. 

The diodes D l l ,  DIZ, D13 and Dl4 auy be dis reerded  i n  preren t iw 

the theoretical  opetation of the input stage. Their function w i l l  be 

discussed later in the chapter. 

For the presentation of the theoret ical  aspects of the input stage 

the operational amplifier, A l l ,  w i l l  be arsumed t o  b v e  i n f in i t e  input 

impedance, zero output impedance, and in f in i t e  voltage gain. Ihio very 

h$ortant  r e s t r a in t s  are Urually assumed for  the input tenninalr of 

an ideal  operational amplifier. F i r s t ,  no current flaws in to  e i the r  o f ,  

the input tenninalr; and second, when negative feedback is applied 

&round an ideal  operational unpl i f ier ,  the voltage between the input 

terminals w i l l  approach aero. 

h f e r r i a g  . p in  t o  ?ig. 2-1, it  may readily be seen that  i f  no 

current flows in to  e i the r  input terminal, then no current w i l l  flaw 

a t  the terminal marked ed. Therefore, the input impedance of the input 

3 
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Pig. 2-b-Schamtic dirgr8m of the input stage. 
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rtage i r  i n f in i t e  for  the non-inverting configuration shown. Such 

would not be the case i f  an inverting configuration were used. 

The voltage gain of the input stage may be derived from the c i r c u i t  

of Fig. 2-2, Since local negative feedback would tend t o  make the 

w l t a g e  betwean the input terminals equal t o  zero, both inputs are 

a t  the ram potent ia l  8nd the current i ir given by 

The output voltage of the stage is cal led tha control voltage, ec, since 

Thur the voltage g8in of the input rtage i 8  # i w n  by 

The input rtage is designed t o  ure an integrated-circuit  operational 

amplifier, 8lthough a dircrete-component operational m p l i f i e r  may be 

more derirable f o r  8- 8pp%iC8tiOMo 

t i O h . 1  .mplif%er i 8  ured, it W i l l  h8V8 lers-than-infinite input htped8hce 

&agardl888 of wbt t p  Of oper8- 

8nd lesr-than-infinite volt8ge gain, Taking i n to  account there two 

departure8 from the ideal ,  tha input stage may be raprerented by the 
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circuit of Fig. 2-3. 

The loop equation# are 

where Rl is the input resistance of the operation81 q l i f i e r .  OtM? 

relations are 

ec Ael  D 

where A i r  the volug* gain o f  the aprratioarl amplifier. ?ran there 

relations the input reriruace of the input r tue  i r  

The input ruga vo1t.l;. pin i r  
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tig.  203.04 circuit model o f  the input stage 
asruming a non-ideal operational amplifier. 
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There re la t ions  predict  the performance of the input rtage using o 

prac t ica l  operational amplifier. 

An operationnl amplifier for t h i s  application rhould have the following 

features: high input impedance; high open- loop voltage gain; low of fse t  

voltage; low quiescent power consumption; and 8 rymnatric, bipolar out- 

put with ample voltage swing t o  drive the pulse-width modulator. Another 

derir8ble feature i r  8 prwi r ion  fo r  external frequenc) ccarpensation net- 

work8 which m y  bQ used t o  a l t e r  the frequency response of the input stage. 

This maker it re la t ive ly  eary t o  s t ab i l i ze  the canplete amplifier. 

The zener dioder, D 1 1  8nd D12 i n  Fig. 2-1 l i m i t  the mrximunr output 

voltage of the amplifier, All. The phenomenon of latch-up i r  avoided 

by l u t i n g  the output of A 1 1  t o  8 value lerr th8n that which caures 

the input tr8neistorr of A11 t o  saturate. Dll and Dlp rhould be chosen 

t o  h8w 8 zener voltage greater than the voltage needed t o  obtain maxiumnn 

pulre width f r m  the modulators 8nd le88 th8n the 88tur8ted output 

voltage of All. 

input terminale of All. Thir prevents damage t o  the input rt8ge i f  

extremely large volt8ge.a are applied' t o  the input of the amplifier. 

Mode8 D13 8nI D l 4  l imit  the arximuaa voltage acrorr the 

A chm~cterirt ic of importrrnce i n  the application of the operational 

amplifier i r  the o f f r e t  volt8ge which is defined 81) th8t voltage required 

at the input of the open-loop anpl i f ie r  t o  produce 8 zero output voltage. 

It hu h e n  rhom in the l i t e r8 tu re  th8t the o f f r e t  voltage remaim .bout 

the $me when the anp l i f i e r  i r  operated closed loop.2 Thus, for  an 

of fse t  VOlt8ge of 1 mv 8nd 8n input stage g8in of to00, it ir expected 



that the control 

As w i l l  be shown 

s ig ru l  (output of the input stage) would be about 1 vol t .  

i n  Chapter 3, the e f f ec t  of t h i s  of fse t  may be cancelled 

by proper adjustment of the modulator, i f  the control signal with zero 

input is less  than two or three vol ts .  

i n  Chapter 9 employ8 a nulling c i r c u i t  recaaaended by the manufacturer 

t o  eliminate the of fse t ,  

However, the amplifier described 



3. PULSE-WIDTH MODULATOR 

The class-D amplifier output stage requires a driving signal which 

cbntains the information of the input s ignal  and which w i l l  a l so  cause 

the output t ransis tors  t o  switch quickly from saturation t o  cutoff,  The 

modulator shown i n  Fig. 3-1 produces a pulse-width modulated signal 

which, a f t e r  amplification i n  the driver stage, is applied t6 the output 

stage . 
There are three basic types of pulse-width modulation. In  one type 

the leading edge of the pulse is fixed a t  recurrent intervals and the 

t r a i l i n g  edge is modulated. 

8t recurrent interval6 and the leading edge is  modulated. I n  a th i rd  type 

both edges of the pulse are modulated. 

u6es double-edge modul8tion. 

I n  another type the trailing edge is fixed 

The mdulator  described herein 

This modulator is canposed of an astable multivibrator which generates 

a triangular waveform, and two comparators, one i n  each channel, which 

generate the pulse-width-modulated signa?.. 

Three l inear integrated-circuit  operational amplifiers with symetr ic  

bipolar outputs are used i n  the design. 

I n  Fig. 3-1 A21 along with R23, R24, R2s, and C21 form an astable 

multivibrator which functions a6 a triangular waveform generator, 

3-2 i 6  a schematic diagram of t h i s  rection of the modulrtar. TRe voltage 

wavbfonns of i n t e r e s t  are shown i n  Fig. 3-3. Amplifier kal has a very 

Fig. 

high gain and is driven i n t o  saturation when a very smell difference 

13 
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?Is. 3-l--Scheamtlc diagram o f  the pulse- 
width modulator. 



Fig. 3-2--Schcmatic diagram of the astable 
mu1 tivibra tor. 

Fig, 3-3--Uavefof(~1 associated with the astable multivibrator. 
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i n  potential  ex i s t s  between its two inputs. The output voltage, es, of 

A21 is negative when the inverting input is posit ive with respect t o  

the non-inverting input, and posit ive when the inverting input is 

negative with respect t o  the non-inverting input. 

the output voltage is E,. 

The magnitude of 

Assume that  the osc i l l a to r  has heen operating a long time and that  

the output of A21 is p o r i t i w  a t  + E, as shown a t  t = 0 i n  Fig. 3-3. 

A portion of the ,output voltage is fed back t o  the non-inverting input 

by the voltage divider composed of R24 and %5. The voltage a t  the 

inverting input rises exponentially toward the output voltage a t  a 

rate determined by the time constant 1123 C21. When the voltage a t  the 

inverting input becomas posit ive with respect t o  that portion of the 

output voltage a p p a r i n g  a t  the non-inverting input, then the q l i f i e r  

w i l l  quickly change rtates and the output becomas negative. The voltage 

on capacitor C21 now begin8 to approach -E8, exponentially. The voltage 

on the capacitor continues t o  change u n t i l  the non-inverting input is 

s l igh t ly  posit ive with respect t o  the inverting input. 

voltage again changes states t o  + E,, This' sequence repeats itself a t  

a rate detemined by the RC-time constant and the portion of the output 

voltage that  is fed back t o  the non-inverting input. 

triangular waveform of conatant frequency is generated a t  the inverting 

input. 

. 

Then the output 

I n  t h i s  rmtnner a 

The frequency of the triangular-wave generator is derived as follavs. 

Assume that the osc i l l a to r  has reached rte&dy-rtate operation and the 

output voltage has changed f r m  negative t o  posit ive a t  t - 0. For 

the period of osc i l l a t ion  T, the tr iangular waveform for  0 5 t 5 TI2 
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and for T/2 ,< t 5 T, 

The derivation of these expreroionr arrumer that the Input impad8nce 

of A21 i o  Infinite. 

For rimplicity i n  later derivation8 we define tlm volt8~1. divlrion 

factor, It, using 

where 

( 3 4 ,  (El) 8nd ($2) bacm, for 0 ,< t 5 Tl2, 
is the peak value of the triangular waveform. Woiq (3-3) 8nd 
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and for  T/2 ,< t 5 T, 

riod of o rc i l l a t ion  i r  determined from (3-5) a t  t - T/2 

t et(T/2) &pk. This yield8 

Thentore the frequency of o rc i l l a t ion  of the anrltivibrator ir, 

Referring t o  Fig. 3-1, amplifiers +2 and A23 function as co~aparatorr 

f o r  the P-channel and It-channel rerpectively. Fig, 3-4 presents the 

baric ccmparrtor c i r c u i t  for  the P-channel. The wavefoico, asrociated 

with i t 8  operation a re  rhawn i n  Fig. 3-S. ?or purporer of discurring 

the operation of the compar~torr, the triangular waveform et(t) i r  

rrruPswd t o  be perfectly tr iangular,  

The et(t) i r  r m m d  with the control rigM1, eC(t) €ran the input 

rtage, adord ing  t o  (3-9) below, and applied t o  the no-iaverting input 

of A', 
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Big. 3-4.--Schemrtic diagram o f  the brric comparator 
circuit. 
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A porit ive reference voltage, It,, i r  applied t o  the inverting input of 

A through &. When a&) i r  pori t tvr  with rerpect t o  q, tha output 

of A is + E,,. When e,,,(t) i r  wgatIve with respect t o  5, the output 

of A i r  0%. I f  the reference voltage l a  adfurted so that it i r  

#light ly  greater th8n the perk of %(t) with the control voltage e&) * 0, 

then the output of A i r  a constant, -5, a# sham t o  the l e f t  of 

t - tl i n  Fig. 3-5. 

I f  ec(t) i r  a voltage r tep  applied at  t tl ar i n  Fig. 3-5, then 

the voltage a t  the non-inverting input, e&), is posit ive with respect 

t o  the reference, %, for a length of the ,  T, which is  proportional t o  

th. magnitude of the voltage r tep,  Therefore, the output of A is + 5 
for the length of tim th8t e,,,(() > & 8nd -5 for  a l l  other time. 

Pulre-width modulation i r  accomplirhed since the magnitude of 

thr control signal, eC, deterriner the width of pulrer appearing a t  

the output of A. The #-chrnnel operater i n  a r imi l r r  manner with the 

exception that a neg8tiva reference i r  applied t o  the 

input and the control rigrul r\raud with the tr iangular wrvrforr Sa, 

applied t o  the invertiq input. Both channel# then produce p o r i t i m  

pulrer . 
Whrn a p o r i t i w  control rigrul is prerent, the N-channel cutput 

resuina a conatant negative voltage. 

the P-chrnnel output marina negative. 

Similarly, for  negative inputs, 

It rhould be noted th8t  in  the camplet. achematic of the ladulatar,  

rhavn in Ha, 3-1, a l l  redundant atmafag rerirtorr in the cawparator 

rection were e l f d t u t e d .  Ilh. remining r d n $  r e r i r t o r r  are equril,wf?b 

the rymbol R22. Under there condttionr, and 8aruming that R20 8nd 
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the output resistance of the input stage are both smeller than R22, 

(3- 9) becomes 

The reference voltages a re  derived from the voltage divider networks 

composed of R26 and R27, 

maintain a constant reference voltage, Zener dioder D21 and %2 l i m i t  

the control signal, ec, and hence l iani t  the maximum pulse width. This 

is a necersary feature which prevents the output stage from being driven 

byond the waxinuun designed pulre width. Weriator R20 rerves as a 

current l imiter  when the zener Voltage is exceeded, 

The capacitorr labelled C22 are  used t o  

It may be readily deduced tha t  there exirtr a relationship between 

the largnitude of the tr iangular waveform and the "gain" of the nrodulator. 

Wferring t o  Fig. 3-5, i f  et(t 

the pulre width t is given by, 

' ( 2Er *? R t  + Rc) ) 

i r  arrumed perfectly tr iangular,  then 

eC (3- 11) 

Note tha t  i f  a greater pulre width ir obtained for  a given contra1 

voltage, eC, then an increare i n  the open loop gain for  the overall 

amplifier w i l l  r e ru l t ,  rince the overall amplifier output is ptoportionril 

t o  the pulee width. T!tus, attenuating the tr iangular waveform and 

correrpondingly reducing the reference voltage, +, reaulta i n  an 

increare i n  the r a t i o  
t . Therefore, the open loop gain of the canplete 



22 

amplifier may be varied qui te  eas i ly  i n  the modulator. 

A condition can rxirt  %n the amplifier fo r  which small input signals 

do not caure the modulator t o  produce pulses In  e i ther  channel. Thio 

i r  cal led dead-zone. Thio condition is caused by improper adjustment 

of the mdulator.  2hir is i l l u r t r a t ed  i n  Big. 3-6. I f  E, is d e  

$rester th8n the peak value of e,,,(t) when cc 9 0 ,  then a dead-sone 

r e ru l t r .  That i s ,  for  control  voltage6 lera than the difference betweon 

4 and G(t) when ec 9 0 ,  no output pulre is produced. 

#ornully the reference level  is adjusted t o  eqttal the peakr of the 

tr iangular wavefom, e&), when the control  voltage is zero. Howewr, 

i f  tho input rt8ge producer an o f b s e t  voltage (as dlscursed In Chqte r  

2)# then the reference level can be adjurted to  compenaate for  the off- 

rat, Big. 3-7 rhavr the modulator waveforau when the input rtage caurer 

a pori t ive off-ret .  Undor oprn loop conditions a eer ie r  of pulrer is 

produced with xero voltage applied t o  the input r tqp.  * 
In It$. 3-8 the referewe, gr, h88 been uljur ted t o  a new a l a l e ,  

#iD i n  order t o  co~~ipearate tor  the off-ret  of the input stage; NO 

pulrer are now produced with aero input t o  the input rtrge. Of course, 

a rlailrr rdjustannt of tho U-channel reference voltage would 8160 be 

roqufred . 
%he l inear i ty  of the modulator is dependent on the W8veih8pQ o f  

thr triangular w8mfo%a# ot(t)# and the constancy of the reference 

volta~r. Referring t o  til. 3-3 and n c 8 i l i ~  the dircurrion of ttu 

ar tab le  m l t i v i b r a t o t #  OM @ I O #  tht et(t) canpored Of 8XCUrSiOtN 

alon$ aa exponential c u m  which i o  tho potent ia l  on c a p e i t o r  C21. %he 

portion of the output of 41 thrt ir fod back t o  tho noninver t iq  input, 
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- - - ---------.. -- .1).-1-.1-- ---- 
Fig. 3-.6--Wavefona in  the modulator when the reference voltage 

is adjusted to produce a dead zone. 

Pig. 3-7--W8wfonns i n  the modulator when off-set of the 
input stage causes erroneous pulses. 
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t 

Fig. 3-%--Waveformr i n  the modulrtoi when the reference i 8  
adjurted to compenrrte for the off-rat of the input 
8 t q a .  
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I-  R25 1 determines the peak voltage reached by et( t ) .  As RZ4 R24+R25 it '  
and R2g are  chosen such that  the peak of e t ( t )  becomes smaller in cam- 

parison t o  E,, then the excursions of e t ( t )  becone bet ter  approximations 

of s t ra ight  l ines,  This provides improved 1 r f ty .  Using (3-5), 

(3-6). and (3-7), an expressioa i r  obtained the exact pulse-width, 

T, as a function of the control voltage ec. 

(3- 12) 

Rc 
k + R t  

where K' - i n  Fig. 3-4. For the rchematic shown in Fig. 3-1, 

K' reducer t o  K' - 1/2  since the res i s tors  corresponding t o  R, and & 

(R22) are chosen equal. 

I f  an e r ror  function is defined as the difference In the actual 

pulre width and the pulse-width obtained i f  a perfect  tr iangular wave- 

fom were used, then t h i s  e r ror ,  a, is givan by 

] . (3-13) K +  1 (K+1) E r  + K'e% 
(K-1) E r  - K'ec 

Percent e r ror  i r  

(3-14) 2 a E t  
T K'ec 

a' = - (1002) . 
This' is an exprersion o f  the percent e r ro r  as a function of the parameters 

K and ec. AlLother  variables are determined by the selected frequency 

of osc i l la t ion  and other considerations. 'Ihe larger the value of X 
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relected, the smaller the excursions on the exponential curve and, i n  

general, the more l inear  the pulse-width modulation. However, i f  the 

tr iangular wavefonn is made too small, adjustment of the reference 

voltages and the maximum pulse width becomes d i f f icu l t .  The percent 

e r ror  i r  generally greatest  for  small values of the control voltages. 

Urlng (3-14) the percant e r ror  m y  be checked over the range of expected 

control voltages for  a given value of K. The largest  value of IC that  

provider an rcceptable percent e r ror  should be used i n  order t o  simplify 

adjurtrnent of the modulator. For most applications l e t t i ng  K = 3 yields 

ra t i r factory resu l t s  with a exceeding 3% only for  re la t ively mall values 

of cc,  With negative feedback around the complete amplifier, the e f fec t  

of t h i r  e r ror  i r  negligible. 



4. DRIVER STAGE 

The dr iver  stage of the amplifier amplifies the pulse-width modulated 

signal t o  a level  suff ic ient  t o  drive the output stage t ransis tors .  

provides a suf f ic ien t  level  of drive t o  keep the output t ransis tors  i n  

saturation for the duration of each pulse and provides a waveform that  w i l l  

cause the output t rans is tors  t o  switch quickly, resul t ing i n  e f f ic ien t  

operation. 

It 

For brevity only 5ne channel of the dr iver  stage is described i n  th i s  

chapter. As noted i n  Chapter 1, however, two separate channels are required 

t o  produce a bipolar output signal. A given dr iver  stage w i l l  then require 

two independent dr iver  c i r cu i t r .  

For the purpose of describing the dr iver  c i r cu i t ,  i t  is assumed that 

the output stage is i n  the simplified form given i n  Fig. 4-1. Thir simpli- 

f ied c i r c u i t  is an accurate representation of the output stage for  only 

one switching cycle, because the actml output c i rcui t  incorporates a 

c i r cu i t  which returns the inductor current t o  zero a t  the end of each 

cycle. The complete output stage is presented i n  Chapter 3, The impor- 

tant point t o  be understood i r  that  when the output t ransis tor  is driven 

in to  saturat ion ("on"), the col lector  current is ramp due t o  the lnduc- 

tor k. Since the col lector  current is qui te  smll during the turn-on 

interval ,  very l i t t l e  power io  dissipated during th i s  transit ion.  Thus 

the only switching in te rva l  which contribute# appreciably t o  power loss 

is the turn-off interval. Each of the dr iver  c i r cu i t s  t o  be discussed 

27 
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lis. 4-l-Sch.urtic diagram of a rlmpllfied 
circuit for the P-channel of the output 
0 trge 
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user rapidity of turn-off a0 a c r i t e r ion  for judging $erformance. 

The collector current transients at turn-off are often described i n  

term3 of the atorage delay time, t o r  and the f a l l  time, tf. 

permeterr are defined p i c to r i a l ly  i n  Fig. 4-2. The storage delay time, 

t8, i r  the t ime in te rva l  required for  the t rans is tor  t o  rerpond t o  the 

t r a i l i n g  edge of the driving pulse. The f a l l  t ime  is the time required 

for  the collector current t o  f a l l  f r m  90 percent t o  10 percent of the 

raturated r t a t e  value. The rtorage delay tlms and the f a l l  time can be 

rhortened considerably by variour methodr. Circuit  technique8 that w i l l  

reduce one of these t ime delays w i l l  reduce the other alro. 

These two 

When a t rans is tor  i o  operating i n  the raturated stateD the bare 

current i r  urually greater than the mfninnar value required t o  ra tura te  

the t r an r i r to r .  T h i o  r e r u l t r  i n  rtorage of excerr minority carrierr i n  

the bare region during the "on" interval. The excerr minority ca r r i e r r  

i n  the bare murt be eliminated before the co l lec tor  current can begin t o  

f a l l  in mgnitude. 

acconrplirhed i n  revetal wayr. t i r a t ,  i f  the bare i r  open-circuited, then 

The elimination of exeerr minority carrierr m y  be 

the excess minority ca r r i e r r  i n  t h r  bare w i l l  recombine with excerr nujority 

carrierr a t  an exponential rate which dsprndr upon the recoinbination 

tendency of there excera rrored carrierr. An a l te rna t ive  i r  t o  QrWide 

a rewitre bare current, rince it w i l l  par t ly  conr i r t  of excerr mfnority 

carrierr flawing back in to  the emitter region. For t h i r  care the storage 

t i m e  w i l l  decrease with increared reverse bare drive. Yet mother wthod 

ir  t o  rhort-circuit  the bare and emitter, T!:ir r e ru l t8  in a red i r t r ibu t ion  

of charge re ru l t ing  in a re turn  t o  quiercent conditiotu. A speed-up 

capacitor i n  pa ra l l e l  with the bare r e r i r t o r  m y  be ured t o  create a 
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. 
0.1 

ti& 4-2-The baro-emittor voltage waveform (a), and the 
colloctor current waveform (b) for the output 
tranrirtor. 
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reverie b88e drive a t  turn-off. The capacitor should be relected ruch tha t  

the charge developed on the capacitor i 8  greater than the t o t a l  exceru 

charge stored i n  the base. Thio is usually done experimentally. When 

the driving voltage drops, the capacitor discharges, quickly removing 

the excerr carriers. Thir reducer both the rtorage delay time and the 

f a l l  t ima. A direct-coupled driver c i r c u i t  uring 8 speed-up capacitor is 

rhwn i n  Fig. 4-3. 

could be used t o  develop a similar channel for bipolar d-c output voltager. 

The effectiveness of t h i s  c i r c u i t  i n  providing e f f i c i en t  switching 

Only one channel ir rhown. Complimentary symaetry 

i r  largely determined by the output t r an r i s to r r  ured. Generally, transir-  

tor8 with low maximum current rating8 have lower t8 and tf than the higher 

current unitr .  With lw-current t r r a r i r t o r r  in  the output rtage the cir- 

c u i t  i n  Fig. 4-3 w i l l  provide re&ronably f a r t  turn-off. However, prerently 

available high-current t r an r i r to r r  cannot ba switched ef f ic ien t ly  uring 

the c i r c u i t  of Fig. 4-3. 

A recond apprmch t o  the problem of achieving f a r t  ruitching of tho 

output t r an r i r to r r  ir t o  amploy tranrfonaar coupling, Fig. 4-4 ohm8 on6 

channa1 of 8 tranrfonrwr-coupled driver. When the driver tranmirtor, Q31, 

i r  driven in to  raturation by the d u l a t o r ,  a pulse is  coupled t o  the 

base of Qbl. When Q31 i 0  driven off by the DOdufator, a t rw iea t  condition 

exist8 i n  the t r rnr fonmr  which result8 in a reverie bare drive voltage 

rpika which &ppears 8t the recondary t e ~ h a f 8 e  Thir revera6 ,pika remove8 

the erne88 charge rtored in  tha b r a  of output tranmirtor Qbt. The use 

of 8p . ed - t~  capacitor8 e31 and e41 e180 aids  in  quickly turning off the 

driver and output tranri8tor8,  u dircurred previouuly. 
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Pig. 4-b-Schrmrtic dirtram of 8 diroct-coupled driwr 
8nd rimplifird output circuit. 
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Trrnafonner coupling allowr the use of the same type power t ransis tors  

for  both the N and P-channels, where the previous direct-coupled design 

required complimentary t rans is tor  types, This assures similar performance 

of the two channels. The c i r c u i t  presented i n  Fig. 4-4 has been used 

ruccessfully i n  each channel of the basic amplifier with high qu..lity 

output t r rn r i r to r s  h8ving perk col lector  currents up t o  10 auperes. 

The tr8nrfonner-coupled c i r cu i t  of Fig. 4-4 may prove t o  be inadequate 

i n  effect ing e f f ic ien t  turn-off of paver t rans is tors  rated a t  more than 

10 rmpcrer , a# higher-rated uni t s  often have correrpondingly greater 

minority-c8rrier rtorage. Alro, if econamy d ic t r teo  the uae of Blower, 

le88 expenrive transirtorr i n  the output rtage, some other form nf turn- 

off my be neceasaty. 

A thi rd driver c i r c u i t  which provider e f f ic ien t  rwitching ir shown 

i n  Pig, 4-5, This c i r c u i t  is b8BfC8lly the sanm a# the tr8nafonner- 

coupled c i r cu i t  of Fig. 4-4. 

to trrnrfonner T31 t o  be ured ra r "aborting" c i rcu i t .  When the output 

of the fnodu18tor i r  pori t ive,  t ranr i r tor  4-32 i r  not conducting 8nd 8 

pori t ive pulre i r  delivered t o  the base of 44% a# before. When the arodula- 

t o r  output goer neg8tiv8, 431 i r  turned off  8nd 432 is driven in to  r8turr- 

tian. However, at  t h i s  t iam the trunsient condition i n  the tr8nsfonnst 

cruses diode D31 t o  be reverre-bi8red. When t h i s  transient d ies  out, 

HQWdWr, 8n extre winding hr r  been added 

D31 becam0 foruard-birred 8nd the b8re and aaritter of are e r r en t i r l l y  

rhart-circuited. The Ch8tge rtored i n  the brae of 441 i a  quickly removed, 

allowing the t r an r i r to r  t o  #witch quickly. Note th8t t h i r  technique 

requires no addition81 power from the power supply, 8nd urer two of the 
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Q4r 

ti#. b-S--8cha~tic diagram o f  a tranrformar coupled 
driwt circuit with 8 %horting circuit." 
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turn-of f techniques i n  sequence. 

Amplifiers de*igned t o  produce Over 100 watts maximum d.c. power 

output have been b u i l t  using th i s  type of dr iver  c i rcu i t .  

improved from 3 t o  6 percent over a transformer-coupled driver stage 

without the shorting c i rcu i t .  

Eff ic i .ncies  

The ruccess of t h i s  dr iver  c i r c u i t  depends on the design of the 

transfonner. The transformer design shwld  d ic ta te  core material and 

size, turns r a t io ,  inductance requirements, and wire sizes. 

permalloy toroidal cores were used for  the driver transformers. 

material 8nd permeability were selected t o  give a high Q a t  the switching 

frequency. Refer t o  Pig. 4-4, the basic transformer-coupled d r i w r  c i rcu i t .  
31 To determine the dr iver  tranrformer turnr r a t io ,  - , one must f i r r t  know 
N2 

the hre-emitter voltage and the b8se-current required t o  keep the output 

t r an r i r to r  i n  s8turation 8t the time of m8ximum col lector  Current. ("here 

Powdered- 

Core 

qurn t i t i e r  are designated VBt and IB.) Q1 rruy be selected t o  be some 

convenient value, rpproximclttly equal t o  .A . Then the voltage 

appearing a t  the second8ry of the dr iver  transfonner must be, 

V 
IB 

Also, fo r  Fig. 4-4, then Q31 i r  saturated 
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The number of turns required for. the auxi l iary "shorting winding", 

shown i n  Fig. 4-5, is not c r i t i c a l .  

appears a t  the secondary of  the dr iver  transformer is the base-emitter 

saturation voltage of 441 which is usually between 1.0 and 1.5 vol ts ,  

the r a t i o  of the number of shorting winding turns t o  the number of trans- 

former secondary turns should be greater than one t o  assure tha t  the voltage 

appearing across the shorting winding w i l l  exceed the threshold voltage 

of the diode D31, when the shorting c i r cu i t  is i n  operation. The res i s tors  

Rgl and R32 are  determined by the output of the modulator and the t ransis tors  

chosen for  Q31 and 432. 

However, since the voltage that 

where VW and IB re fer  t o  431. Simtlarly, 

'B 

where VBE and IB re fer  t o  432. 

for  a PNP t ransis tor ,  

Vote that  VBE and IB are negative quantit ies 

It is preferred tha t  the pulse transformer have large primary 'and 

rrecondary inductances in 'order  t o  t ransfer  the driving pulse w i t s  l i t t l e  

dis tor t ion.  An analysis of the transformer equivalent c i rcu i t  as shown 

i n  Pig. 4-6 w i l l  y ie ld  a re la t ion  between component values and expected 

performance. 

switch with series r e s i s to r ,  Rs. 

The pulse source is approximated by an ideal  source anti 

In  Fig. 4-6(b) the source , i s  referred 



b) 

Fig. 4 - 6 - 4  s impl i f ied  equivalent c i r c u i t  of  the driver (a), the equivalent 
c i r c u i t  referred t o  the secondary (b),  and the load-current 
waveform (c) .  
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t o  the secondary. 

neglected as well as winding capacitance. 

is approximately equal t o  L2, the secondary inductance. 

delivered t o  the load is of interest .  

current i n  each pulse is designated g, as defined by Fig. 4-6 (c) and 

Leakage inductance and winding resistance have been 

The magnetizing inductance 

The current 12, 

The r a t i o  of minimum t o  maximum 

can be ured as a measure of 

a pulse. For 0 < t 
the ab i l i t y  of the transformer to  sustain 

the secondary current is given by 

The current ra t io ,  g, is therefore 

(4- 6) 

where Tmx is the maximurn pulse width t o  be encountered, 

wri t ten ar 

Thfr may be 

In  designing a transformer the parameter g rhould be rpecified, 

indicating the maximum allowable decay of the recondary current. 

(4-8) the required secondary inductance, h, may be obtained i n  terms 

of - 
by other c i r c u i t  requirements. 

Fraa 

N 1  
N2 

7auxr 8 ,  It,, and %, a l l  of which are e i ther  rpecified or determined 

Solving for $ we haw?, 
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For the circuit of Fig. 4-4, 

where kT i r  the colfactor-emitter rrturation rerirtance of the driver 

tranrirtor And 18 i 8  the current required to  keep the output transintor 

i n  raturation at  mrximrmr collector current, Thus, 

A180 of interert i r  the p18k prinury current. By referring the 

lord, RL in Big. 4-6(8), to the priuury, A derivation of il  for 
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The maximum vafue of il occurr a t  t .I Tmx and may be found from (4-10) 

by making the following rubrti tutions,  

the collector-emitter saturation reristance of Q31, and 

where Vm and IB r e f e r  t o  Q41 for  nuxiwum derigned co l lec tor  current. 

Thur, an acceptable driver tranrfonaar nuy be berigned w i n g  (4-3) 

t o  determino the turn ,  r a t i o ,  and (4-9) t o  determine the recondary induc- 

t e e ,  while the peak priatary current may be determined uring (4-10). 

The required bare r e r i r t o r r  m y  be detennined uring (4-4) and (4-9). 

Three driver c f r cu i t r  have been prerented here, The rimplert c i r c u i t  

u t i l i r e r  d i r ec t  coupling with a rpoedup capacitor ured t o  improw t u r n o f f .  

Thir c i r c u i t  i o  ru i tab le  for larpower applications . The recond c i r c u i t  

dircurred urar tranrfonner coupling. Thir c i r c u i t  rhould be ured when ths 

rtorage tkns and the fall tirp. of the output t r an r i r to r r  h ~ w  a rignificant 

e f f e c t  on rwitching efficiency, ?or a q l i f i e r r  derigned t o  produce owr 

100 watts, it m y  p row advantageour t o  we  the th i rd  c i r c u i t  dercribed. 

The th i rd  design urea tranrfonner coupling with an additional winding 

ured tn a "rhorting" c i r cu i t .  Although the c i r c u i t  producer an iarprovemnt 

i n  efficiency, i n  rorm application8 the derigner may not f ee l  tb t  t h i r  

improvQmrnt warrmtr the addition81 c i r cu i t ry  required. The degree of 

improvement and the valur of the rhorting c i r c u i t  rhould be determined 

. 
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for the prtticulat amplifier under consideration. The design example in 

Chapter 9 utilieer the third design. 



3. OUTWTSTAGE 

The cutput stage murt perform two functions. F i r s t ,  it must produce 

power amplification of the puloe-width-modulated signal from the driver. 

Secondly, the output rtege must demodulrte the pulse-width-modulated 

sign81 t o  produce m output sign81 which $8 88 ne8rly identic81 88 porr ible  

t o  the original input  r ignal,  

ured Lo provide rome f i l t e r ing .  

For th i s  lat ter function the load may be 

A very rimple output c i r cu i t  which would perform both of there 

I functions i r  shown i n  Fig. 3-1. The driver c i r c u i t  produces (I pulre- 

width-modulated eigne1 of ruf f ic ien t  magnitude t o  drive 441 in to  r8turr- 

t ion  for the dur8tion of erch pulre. When 941 i 8  i n  r r tur8t ion tha lord 

i r  ereent ia l ly  connected t o  the power Bupply, 4. !the r e su l t  is tht the 

time-averaged power delivered t o  the lord is proportional to tha rilpul 

8t the input of the over811 &nplifier. 

frequtncy i s  re8ron8bly high 8nd i f  the inductive component of t he  108d 

ir ruff ic ient ly  large then tha inductiva camponant of the lord w i l l  p r o  

dme ruf f ic ien t  f i l t e r i n g  of the output pulre rigrul, Thio technique 

m y  be adequate for  108dr ruch 80 motor@, 

I f  the pulre ( or rwitching) 

Of courre, the c i r c u i t  of Fig. 3-1 w i l l  produce only posit ive output 
' 

volt8ger. A bipo18r output would require mother  driving rignal, and 

8noVher output t r an r i r to r  operating from 8 negative rupply t o  the load. 

There 8re rever8l drmvbackr t o  thi8 c i rcu i t .  barer i n  the tr8118iotor. 

during the rwitching interval ,  8re re18tively large. The efficiency o f  

the c i r c u i t  i r  often lerr thrn could be obtained with 8 clarr-E circui t .  

Urge voltage rpiker (due t o  the inductor) a t  the col lector  require h id ,  

43 
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TO 

7 

ORlVlR - 

Fig. 5-t-8cheuutic dtrgran of one channel 
o f  I riarple output circuit. 
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voltage t rans is tor r  or soma means of ruppression. While the inductive 

load m y  be designed t o  provYde adequate f i l t e r ing ,  some high-frequency 

roll-off is inevitable,  

Pig. 5-2 shows the basic class-D output c i r c u i t  developed. This 

circuit incorpora to  two important features. The f i r r t  feature is a 

clamping diode, D41, ahead of the inductor, 46. When 

D41 ir reverse-biased, current flaws i n  the inductor, and energy is 

stored i n  the magnetic f i e ld  of the inductor, When 941 is driven "off", 

the voltage aero88 L4 changes sign, forward biasisng 'D41, With D41 far- 

ward biased, L4 is essent ia l ly  connected across the load rnd the energy 

stored i n  the magnetic f i e ld  is transferred t o  the load. Addition of 

t h i s  clamping diode can add 10% - 40% t o  the c i r c u i t  efficiency. 

is driven "on", 

The 

second feature i r  the low-parr f i l t e r  fanned by 

e42 m y  be relectcd t o  provide a re la t ive ly  good analog output voltage 

with low ripple. Thus the load need not provide f i l t e r ing ,  The f i l t e r ed  

and C42. The capacitor 

output signal proves especi811y desirable where harmonica of the ruitchinp' 

frequency m y  cause considerable interference. 

the direct-coupled c i r cu i t  of Pig. 5-2 i r  unipolar; an output voltage of 

only one polar i ty  may be produced, A bipolar output c i r cu i t  with an 

improved clamping c i r c u i t  i n  presented 3n page 67, hawever the present 

c i r c u i t  provides the required m d e l  fo r  analysis. 

fr shoulJ be noted tha t  

Pig. 5-3 is 8 soan~hat simplified reprrsentation of Pig, 5-2 with 

the t ranr i s tor  and clamping diode replaced by a rotary rwirch, I f  Sg 

$8 a#sumed tha t  the drLver pulres have remained of the same width for 

several pulses, then steady-state condition8 w i l l  exist i n  the output 

c i r cu i t .  Pig, 5-4 shows the inductor current,  i4(t), and emitter voltage 
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Fig. S-2--Schemrtic dirgrm of 8 &ingle-channel output 
circuit with a clrnaping diode 8nd f i l t er  c8p8citor. 
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Fig. 3-3--Simplified 8chrnutic diagram of the 
output circuit of Fig. 5-2* 
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ee(t), wwefonns for  the output c i r cu i t  under steady-state conditions. 

The following description de ta i l s  the sequence of events i n  the 

operation of the outprlt c i r cu i t ,  

(saturated) and the diode is reverse-biased. 

posit ion 1 of the rotary switch. In  Fig. 5-4 (b) t h e  emitter poltagc? 

now approximates the supply voltage, V2. 

provides a zero i n i t i a l  condition fo r  the inductor current,  and since the 

on-time (pulse-width), ?, is small cmpared with the time constant of 

the circuit ,  then the inducror current, i4, approximates a ramp which 

begins a t  t = 0 and which r i s e s  t o  some peak value Ip, during the t i m e  

tha t  the t ransis tor  is on. After 1 seconds have elapsed, the t ransis tor  

is driven off  and the inductor voltage (e4 i n  Fig. 5-3) ieverses polarity 

t o  oppose the change i n  current flow. 

biases the diode and corresponds t o  posit ion 2 of the rotary switch. 

A t  t = 0 the t rans is tor  is driven on 

This corresponds t o  

+ Since the clamping diode 

This polar i ty  reversal  forward- 

This places thc inductor i n  pa ra l l e l  with the capacitor and toad. The 

energy stored i n  the magnetic f i e l d  of the inductor is now transferred 

t o  the capacitor and load, and the inductor current is a decaying ramp 

during the clamping t ime ,  TI. When inductor current ceases to  flow a t  

t - T + t', the tnductor voltage becomes zero, an& the diode i s  reverse 

biased as the emitter voltage becomes equal t o  the output voltage, Eo, 

for  an interval  called the dead-time, 1". 

pulee a t  t - T begins another cycle. 

reciprocal of tSe switching frequency, f,. 

The a r r iva l  of another driver 

The period T is equal t o  the 

In  switching :ircuits of t h i s  type the majority of the power loss 

O C C U T ~  during the switrhing transit ions.  miis is due t o  the simultaneous 



cwnhinaiion of lar);c! co l lec te r  currcnt and targe cat lector-emitter w1- 

tajlc? whtch t1ccu.v briefly ria tlw dcvicc chrrnpe statcs. The use of t he  

inclrirtor & as sltrrwn ln  Pig. 5-2 caiises the col lector  currcnt to  rise 

s lowly  wkilc 941 i o  k i n g  switchcd from the "off" s t a t e  t o  the  "on" 

1t8te. This pract ical ly  eliminates any pawor loss during the turn-on 

interval, It el80 eares the dr iver  requirements becauae the driving 

purae rise t ime is not c r i t i c a l ,  since col lector  current is nearly 

mro a t  turn-on. 

Equations describing the operrtion of the output circuit will naw 
' 

be derived. Referring again t o  Pig. $3, the inductav voltage is given by 

O < t < r  

t + t '  < t  < T  (5-3) 

Since Rg, 042 > > T, i f  the pulse width r has remained conecant for  several 

cycles, than 8 t e .d~-a t a t e  conditions w i l l  exirt and eo - Eo, a constant. 

n\e 8 O h t i O n  for the inductor current, i4, is obtained by integration 

of tha preceding equations, which yield8 

i4 " 0 
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l h e  peak current, tpc in the tranrlrtor and c wi did@ "'M4 

be found. The perk current i r  given by (5-4) et t 1, 

The clamping time may found using ( S ~ S ) ,  Since at  t t + T ' ,  

the inductor current become8 8er0, then 

The ciaaping time ir then 

Tbe dead-tima, two i r  defined by tho eqwtloa 

Tbtoqh the uoo of ( 3 4 ) ,  tha drrd-tislu -7 k written 110 
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S r  rvera4p euppiy current, 12, l e  the tl~a*&~er.g@d integral of 

the emitter current over the on-time, t. 

12 

The 

l n t e ~ r a t  

averrpd 

10 

IO 

OM 

(S- 12) 

rverr6e output current, Id, i r  the sum of the time-rveraged 

of the k i t te t  current over the on-tlau, t, and the time- 

inte~rrl of  tho clarping aide current owt the clanping t-, T e V  

ofgnificant quantity hrr yot to bo determinod; that quantity 

fo tho output volt 

rtylr efficiency. 

outplt 8- offltcioacy, qO, f8 tho r8tio o f  output power to the 



lord Po, to input power, P2, from the pawar rupply which is connected 

to the output stage, The output pawet may be written 61) 

and the input power m v  be written, using (5-10) as 

The output rtage efficiency may now bs written as 

m 
PO 

p2 
- m 

which may i n  turn be mitten u a quadratic equation i n  Eo, 

(5- 14) 

Thir equation muy k rfmplified by nofivliring the output voltage to 

thr rupply wltage a0 



* BO 

v2 
B -  - 

by defining a d u t y  cycle, A, ua 

and by defining cer ta in  patrmrterr &a r lumped conrtrnt  

U8iw there def lnl t ionr ,  (5-16) my be rr-writ ten 88 

(5- 17) 

(S- 18) 

A plot  of thia  functlon i r  webul, The lower l i m i t  of E, r r  defined 

by (5-17). i r  tero, a8 the output wltqe could not tarn' a pol r r i ty  

d i f f r r en t  from the pmar ruppty. The uppat limit of  B epprc8chee one. 

l.-nlting (5-11) uri& (5-17) end (5-18) yield8 

Nom thl8 it i r  clear thrt i f  A S  E, than Tw 2 0. "hie correrpondr 

to  the desired mode of operatio8 e8 d i r g r a w d  in ?%go 3-4, Mote that i f  

A > E, then vu 4 0. Ia 'Ch. caacaxf o f  chi8 rmlyrfe, a neg8titn deed- 
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time would rimply man  that  the inductor current did not return to  zero 

before the beginning of the next cycle of ,operation. Such a condition 

would r e ru l t  i n  an i n i t i a l  s tep i n  col lector  current a t  the beginning of 

each Cycle. Thir is a r l igh t ly  Iesr  ef f ic ien t  mode of operation, as 

explained ear l ie r .  Therefore, the upper l i m i t  of p1 w i l l  be s e t  by the 

condition E - A. This a ~ r u r e s  that  the inductor current w i l l  be t e ro  

a t  the be8fnnfng of each cycle. A plot of (3-20) with 9 ea a permnetor 

for  0 5 €4 5 A i r  rhown i n  Fig, 5-5, The preceding equations and Pig, 

3-5 prwide the neceesary information for  a complete analyris of the 

performance of a given output c i r cu i t .  

I n  order t o  rimplify the drr ian of an output stage for  a rpecffic 

application, certain rclationrhipr m y  be derivrd. The fixed parageterr 

for  thio derign problem w i l l  be ar8wmd t o  be the aaximua output vole& 

(un  to), the load rerirtaner (Rd, and the upper cut-off * 

In Chapter 7 it ii ohom that ,  given f2, the mitching f r e q  

may be specified. Since T 18 the reciprocal of f,, a $iwn value of f2  

tlmr the period, 3, Since the output c i r c u i t  efficiency (qo) varier 

l i t t le ever wit of the range of operation, qo may a lso  be asrumed 

ftmd p e r r u t a t ,  Thi8 rmalu that for  8 given dor im problem the p . 1 ~  

of I y x  Io a conatant and the value of HaH 10 a conatant, a0 defined 

In  ($19). There renuin but two parmeterr  which may k adjurted t o  

optimira &a opcrration'of the output circuit; there are the inductmce, 

4 rad the parrr iupply volta~e, $3. tquatioar wilt MU k obtaimd which 

w i l l  rrlrte tho output circuit perfonmance to  throe rn deotpr vmriablor. 

?ram til. 5-5 note tha t  m x  Bo occura when t 
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E = A, (5-17) may be writ ten as 

Substi tuting th i s  re la t ion  in to  (5-20) yields,  

This equation shows tha t ,  f o r  n given design, the choice of a particular 

value for V2 w i l l  denote the required value for Lq. 

i r  depicted i n  the graph of Fig. 5-6, which is a plot  of (5 -22) .  

This relationship 

Another relationship which i s  necessary for the design is one 

between the peak current and the duty cycle. 

ing expression may be obtained: 

By rewriting (5-7) the follow- 

I f  (5 -22 )  is solved fo r  V 2 ,  and i f  (5-19) is solved for T, the subrti-  

tut lon of the r e su l t s  into (5-23) yieldr ,  

(5 -24)  
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Pig. 5-6-A normalized plot of the relationship 
between power-supply voltage and the 
inductance , L4. 
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This expression for Ip is probably the eas ies t  for cmp-rLatima1 

purposes since simultaneous wal read from Fig. 5 - 5 .  

However, i f  (5 -20 )  i s  solved f 

i n  ( 5 - 2 4 ) ,  the following expre 

- 2 ‘lo (MX RL Eo) 14. 

( 5 - 2 5 )  

The maximum value af the peak current with respect t o  the duty 

cycle may now be found, 

parameters are fixed, the peak current,  fp, as given i n  ( 5 - 2 4 )  w i l l  be 

di rec t ly  proportional t o  sone 

Assuming that  the values of a l l  output c i r cu i t  

2 m A (I  - E). (5-26)  

. 
Again assuming that  a l l  output c i r c u i t  parameters a re  fixed, t h i s  expression 

may be maximized with respect t o  dl as follc 9. 

On salving t h i s  equation, the following condition is obtained f o r  maximum 

(5-27) 
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Mfferent ia t ing (5-20) with respect t o  A yields 

Rquating the right-hand s idcr  of (5-27) and (5-28) yieldr 

(5-28) 

Thus Ip (which is d i rec t ly  proportional t o  I) is a t  its maximum value 

when (5-29) i r  r r r i r f iad .  Substi tution of the right-hand side of (5-29) 

for L i n  (5-20) shows tha t  I* 18 as its 0uximMP value when 

which, i n  (5-29) cokespondr t o  the condition 

Checking this r e su l t  with the curve8 of Fig. 3-5 rhma that the arbi t rary 

l i m i t  of R = A preclude8 the satirfactim of (5-31) for  $ > 0.33.. Wh.n 

> 0.3k. the lugart value of Lp occur8 when It = A 

pit. 5-7 i r  a paph of ($23) fo r  varimr valuer of the parameter -. Mote, however, value of tiie mrameter 5 b*r bean 
a 

a8 given bp (5-22). 9i value of- -Bo 
a 

laced by the c 
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8cnne r ignif icant  conclurionr nuy be drawn from Fig. 5-7. As A ~x Eo 

becomes rmller than 1.50, the largest  value of the peak col lector  

Current increaser conriderably. However, as - became8 greater 

than 1.50, the larga8t value of the peak col lector  current remrina the 

ram, and occurs when E - A. Referring back t o  Fig. 512, it ir ea 

deduced that as the power rupply v o l t q e  increases, the collector-emitter 

breakdam voltage ra t ing  of the t rans is tor  mrt al ia  be increased t o  assure 

re l iab le  operation, 

col lector  current and lowest collector-emitter voltage may be obtained by 

v2 
aux Eo 

For nuny cases the optimum combination of lowest 

re lec t ing 

#or commnience, Fig. 5-5 war n p l o t t e d  a8 Fig, 5-8 with the p a m e t e r  

changed t o  uriag (5-22). 
u x  Eo 

While the c i r c u i t  of ?it. 5-2 0I.r beon completely adequate for  81ulysis 

PUrPO)eI, it i 8  ObV&Our &at th. C1-i- diode 

f a r  mgativl, a t p u t  whg.8. 

ba 8hort-circuit 

Rot bipolar output -Ita@ th. c1.ngia 

circuit m8t be Prodiffed. A prac t ica l  clapin8 c i r c u i t  i r  shaun in Pig. 

5-9. 
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with 
th. pirmtrr chmged to e 
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lit. S-9-Sch-tic di88t&0 of the #channel of the 
output 8-@ with I camplate clamping circuit. 
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output wltrpr,  through the clanping winding, %2, and the bare-collector 

junction of 462. 

Ihe number of turn$ required for the clamping winding is determined 

i n  the fallawing aUmairr The nuximum vat tee  which will appear acroim 

L4 (the primary of T41) ir 

Thi8 6Ccutr whrn 441 i 8  rrturated with a m g r t i ~  voltage present act088 

lClcO88 the bare-emitter junction of C42 w i l l  

k 

*re H4 $a dre nwjrr of turno OCL &e pr-ry of T41 urd Ws tr the mabtr 

of twar on the cl 

tho We-mi t re?  bnakduun volt-, for Q42, the uppet limit on the 

llukr of  turna for the clampi- windiat) i r  8i-n by 
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le41 leal T < t 4 %  + 7 ' ,  

The vol tam on the clamping winding w i l l  be 

(5-36) 

In order t o  obtain adequate bare drive for Q42, the caie for maximum 

collector current w i l l  be conoidered. The maximum collector current w i l l  

be mx Ip, and a correrpondirq mx,'.aurn value of the bare current, rrmx is, 
w i l l  be required to  ra turate  442, Under there condition, the emitter- 

bare volt&* of 442 w i l l  t a b  on aama mxfmum va1ue. V a s  Thur, to  raturate 

Q42, e5 8W.t be 

The output CIP.CitO?, C42, (Fig. 5-9) i n  p r t a l l e l  with the load, %, 
acta (10 8 lwparr f i l t e r .  t o r  many applicationo then ex i r t r  rome l a t i -  

tude fa the choice of C42; hLQvIwIr, them are Iinitr, 
' 

cutoff freveac]r, f2, for  the mpl i f i e r .  The value of C42 which would 

ahr upper lfmft on tho v41m of C42 dependr upon th. derired upper 



terutt i n  the derired f2 is  

The lavrr limit on the value of C42 depend8 upon the mount of ripple 

which $8 allowable a t  the output, If better filtering ir  desired a more 

elrborate f i l t er  ruch a8 a tl-rection could be used i n  place of the 

cap.citor, C42. 

The achematic diagrrrsr of 8 canplete output rtrgc, is rhawn in  Fig.  f-10. 
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vt 
lig. 5-10I-Schematic diagram of the output stage. 



6 AMPLIFIER CON%IGURATIONS 

A block diagram of a basic class-D amplifier was shown i n  Fig. 1-1, 

I n  discurring amplifier co figurations a more convenient diagram is derired. 

A i  w i l l  be seen later, the input stage is rhown i n  schemat:'c fonn because 

of the multiple function of same of its ctnnponents. The remainder crf the 

amplifier i r  represented by a ringle block. 

A@ previously presented the amplifier was designed with a P-channel 

which rerponds t o  posit ive inputs and produces a negative output and an 

%channel which responds t o  

put. Thur, t h i r  rection of 

with gain 4. 

Ideally, any amplifier 

negative, inputr and produces a posit ive out- 

the amplifier can be represented as a block 
- 

used as an operational amplifier should have 

i n f i n i t e  p i n ,  i n f i n i t e  input impedance, and zero output impedance, 

O f  cmrre, in practice ruch ch r rac t e r i r t i c s  cannot be obtained, 

However, i t  h.8 bean r h m  elrewherrl that derivation8 of gain and impedance 

lewlr arruming ideal  ampli f ierr predict  qui te  accurately the performance 

actually obtained from phyrical amplifier8 i f  the following open loop 

characterirticr are met: 

A l l  of these requfrsplents are e a r i l y  met with the class-D amplifier 

69 
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dercribad i n  t h i r  report ,  Therefore, the following statements regarding 

grin 8nd input impedance of the various operational amplifier configurations 

rre made 8sruming ideal  Char8CteristiC8. 

One of the basic operational amplifier conf igura t i~ns  is the inverting 

aapl i f ie r ,  The clarr-D rmrplifier used i n  th i s  configuration is shown i n  

Pig. 6-1, AIIMling ida.1 .arplificr char8cterist ic8,  the voltage gain is 

given a#, 

4 3  
R l  

4 -  - a 

The input impedance of the inverting q l i f i e r  is, 

The nowinverting aup l i f t e r  m y  k fmplemrnted as in Pig. 6-2. It 

i o  necerrrry to  eliminate the sign reversal th8t was praviowly associated 

w i t h  tha modul8tot, driver,  8nd output rt8ger. Thir is easi ly  done by 

Snterchr-ing output# of the raodul8tor ruch tha t  8 pulra-width modulated 

oi-1 produced by pori t ive control rign8lr i r  ured t o  drive the H-channel 

dr iver  and the w d u k t e d  ri#Ml producod by negative control sign818 is 

u r d  t o  drive the P-ch.nnrl driver.  Hote that Rll h8r a dual function. 

It ir a frctor in determiniw tha p i n  of the input stage and i r  a lso  a 

tor i n  deterarining the win of the no-inverting amplifier configura- 

tion. Thio gain i r  fiven by 
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Fig. 6-l--The basic class-D amplifier 
, connected as an inverting amplifier. 
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Fig. 6-2--The basic class-D amplifier 
CaMected as a non-inverting 
auplif fer. 
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&ucr of the non-'inwrting l i f i e r  ir essent ia l ly  

inginit4 . 
A th i rd  basic configuration is the d i f fe ren t ia l  amplifier, aa rhovn 

in  Ff8. 6-3, Again R11 arrumas a dual ro le  i n  deteminfng the gain of 

both tbo input a w e  and the own11 di f fe ren t ia l  amplifier. R 1  ahould 

k C b m n  e-1 to  %,urd % choren equal t o  R a t  for t h i s  configuration. 

The -in of the d i f f e ren t i a l  aap l i f i e r  ir, 

e w e  of thia confilu+.tion ire 

t i n  * B1+ 5 (b5) * 

aW pnvioua circuitr a l l  employed voltage f e o d k k  am ahom i n  Ng. 

C4(r), Current loyed, aa rhc#on in  Fig. b4(b). 

Note t&t , proportfocal t o  road current, ir  dewlap.d 

acroaa 

intrrrr t . 
Current feedback i r  o f t r a  wed where the 'load 

Thr ttuprconductaaco of an m q l i f i e r  wing current feedbackmay 

k eas i ly  dotenrlntd, Referring to  FQ. 6-4(b), th. voltage gain f r a  the 

cunnnt-ampiimg r e r i a to r  to &e input $8, 

at  4 . -  - 
ri 
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R, 

Fit. 6-)-.The baric clarr-D amplifier 
connected a8 8 differential 
apl i f let .  
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?&g. 6-4-4 voltam- feedback coaf igutatfon 
(a), 8nd a curnat-feedback 
coaftguration (b) 
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whrn ti i r  the input voltage. The gain ir'  detenained by the cmaplifier 

aantiguration aa with vol t  feedback, Fran Fig. 6-4(b), 

therefore the tramconductance, B, i r  given by 

I A, 
$1 
- .  

Saw phre r h i t t  of the anal* rignrrl occura became of the low- 

pmr filter conairti- of T41 uhb Co2 at  the output i n  Ng. %lo. vhan 

the feedback loop i r  cloaed, a t ab i l i t y  p r o b l m  sny exirt. S t a d a r d  

ccp .wa t ion  technique# auy be applied t o  the input euge to  obtain 

r t ab i l i t y .  A8 my be aeen from ?it. 3-6, t h e n  i r  an inberent now 

l-rity i n  the grin charactar ia t ic  of the output ruge. Wbrn the 

f i e r  rlr oprratrd clored-loop thir  r l i g h t  o u i a t i o n  fa gain h a  e r ren t i r l l y  

no ef fec t  on the l i a r r t i t y  of the amplifier, The open-loop p i n  i r  p a t e a t  

for lou-le(rrrl inprtr .  

"b 8-lU8tf.ion wed d.prlkd8 upm tb. p8?tt&h 

in tbr iipput atage, In ram cue# the c m o w n t a  required t o  caqea ra to  

tbm a r m  amy k c a m  pbyriaatly large and &e alternative of hweitw 
loop p i n  of &e a g l i f f e r  w y  have to  be taken. In moat cue# 

l d  caw. errenti . l ly no deterioration of clored-loap perf 

bara i n  thir chapter, the char- 

boio  operational t ionat ixwrting; no- 

lmnrtiq: and d i f f8 ren t id .  VolUg. or c u m n t  k m y  k wed 

e. 

l i f i e r  may emir7 be adapted 



with each of the cPonffgpration8, 



1sr mentioned i n  Chapter 3, there are three baric type8 of pulse- 

dur8tion modulation. They are leading-edge, trailing-edge, and double- 

e d p  d u l a t i o n .  Xach of there types of pulse-width modulation may be 

pnera ted  by the use of e i the r  fixed or natural  rampling, T'he procerr 

of fixad ramplin# requires that the input rignal be sampled a t  precisely 

periodic intervals,  and that  i t 8  instantaneous value a t  the time of sampling 

be held while 8 pulre of appropriate width is generated. 

l k t u r r l  sampling i r  used i n  the pulre-width modulator described in 

Chapter 3. 15r explained there, the control voltage, ecr (input t o  the 

modulator) l e  added t o  a tr iangular waveforan et, and the interrect!on 

of ec + et with the conatant referenre voltage determiner the leading 

and t r a i l i ~  edger of the pulses. The width of the pulse produced ir 

proportion81 t o  both the amplitude and the rbpa of ec + et during the 

a a p l i q  iaterrrl. 

0- should twticc) tbt with natural srepliq of a t iw-wrying  rignrl 

80 in ?ig. 7-1, the center lines of the puhes  do not occur exactly a t  

periodic intermfa.  Thir i n  e f fec t  producer 8 p h s e  r h i f t  8 ,  88 sham 

i n  ?ill. 7-1. Ilbe higher the sanpliw frequency, the more ne81igible the 

phr .  sh i f  t becaer . 
The pulse-width-modulated waveform may be reprerented by a Fourier 

3 oeriea. ?or double-edge modulation &e aeries ir  
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B .) the d-e component of the control signal 

E .I the peak value of the a-c component of the control signal 

tt the output pulre WgnitUde 

'a8 - the rwitching frequency (radiana) 

UC 111 the control s ignal  frequency (radians) 

Jn(x) Beseel function of the f i r s t  kind of order 
n with modulus X. 

Due t o  the nature of the mrthemrtical model used, (7-1) yields information 

concerning only the re la t ive  mrgnituder and the frequencies of the campo- 

mntr involved. Scaling factor) would be required i n  order t o  predict  

the t rue magnitudes of the caaponentr produced by an actual c i rcu i t .  The 

f i r r t  term in (7-1) i r  the d-c component, the recond term is the controi 

signal frequency component, and the f ina l  t o m  include8 the rwitc! ;ng 

frequency and intezmodulation componentr. The frequency spectrum of the 

dsuble-eAge, pulse-width madulrted wrvefonn is shown i n  Fig. 7-2. The 

intermodulation components are thore with angular frequencier of the 

form rroy f lYnc. 

Xf the control r i g i d  ir of re la t ive ly  law frequency, the intermodula- 

Cion componentr remain clorely 8rouped about the wi tch ing  frequency. 

iIauewr, a8 the frequency of the control s ignal  i r  increased, the 

component8 k g i n  t o  approach the control sigarl (q,) component. Thu8 

the wi tch ing  frequency (or) should ba charen high enough t o  prevent the 

occur: c : ~ e  of intermodulation caaapoaentr of r ignif icant  magnitude within 
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the amplifier parr-band. An mnalysir of the opectrum shown i n  Fig. 7-2 

indicate8 that the qpC campanent is dawn ldb from the aC component, 

the o~b-- component i r  down 28db,mnd the component i r  down 66db. 

The f i r r t  two iatenaadulation tenar) &e of suff ic ient  magnitude t o  cause 

ri@kificant d i r tor t ion  i f  they rhould occur within the amplifier parr- 

band, Ihur, @# rhould be relected ruch that (UJI-*)>~, or m,> *, 
wheln 5 i r  the derired upper cut-off frequency of the amplifier. Then 

the aaodulated rianrl can be demodulated by parring the rigrurl through 

larrparr  f i l t e r  with a cutoff frequency of f2, and no r i sn i f icant  

intermodulation d i r tor t ion  rhould re ru l t .  Therefore, the #witching fre- 

quency m y  be relected such tha t  

In  order t o  ure re la t ive ly  rarlt f i l t e r  componentr or t o  arrure 

very law intenauPdulation d i r t o r t b n ,  the #witching frequency m y  be 

choren conoiderably greater  than 3 f2. 



8. DESIGN PROCEDURE 

This chapter presents a step-by-seep design procedure for  the 

class-D amplifier. 

Fig. 8-2. 

folded out for  reference.) Note that  feedback arrdngements a re  omitted 

i n  Fig. 8-2, because, as rham i n  Chapter 6, the amplifier can be used 

with any of several different  feedback arrmngemants. 

components shown m y  be omitted, depending upon design requirementr. 

The basic amplifier schematic diagram is shown i n  

(This is the l a s t  f igure i n  the chapter, and m y  be l e f t  

Also, several of the 

The formot for  t h i r  chapter is a s  follawsr 8 list of comm 

amplifier rpecifications is set for th  i n  Table 8-1; a design procedure 

for  the individual r tages is presented, working brck %roar the output 

stage; and several comnon feedback configurations a re  presented. A l l  

unique equutions used i n  the procedure a re  derived i n  the preceding 

chrpter8 rnd a re  l i s t ed  with the i r  equation number for  reference. A 

list of the symbols used is given i n  the Appendix. 
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TABU 8-1. 

SPgCIFIED PjU?&METERS 

tprd reriotatace 

z(nfnam d-c pomr output 

Uppe: cutoff fraqwnacp 

Output rtrgr power oupplp voltage 

Input otase, modulator, rad driver pawar 
rupply voltage 

Clorrd-loop voltage gain (voltage feedback) 

z 
*N 

f2 

$3; 
$4 

'? 
I or 

0 Clorrd-loep ttrnrconductrnca (currrat 
feedback) 

PLffrmrtirl (balanced) or crabrlracrd 
input? 



It ohauld be noted that the farxtmsap rilauroidrl a-c puwer output 

i o  a p p ~ ~ ~ t e l y  one-hrlf the mrxinrm d-c output (PM)* Thio is 

beerure the mashum d-c autput voltage L equal to  the peak value of the 

are outptt trolta#e* 

Calculate the pwtipamr d - j  output mltrg. 

Calculate the mwitchittg frequency 

Calculate tha period of the  nritcbiag wsrrfom 

a 
T r  f. 

hrur tbrt the output r t r p  e f f i c h z e y  i o  

qo 0.85 

nn auxt m8ral  otepr re fer  to the CUSMO of Pis. 8-2, which ir  

a coqooite of nr\llrrr 5-6, S?, and 518. If V2 ir ilot rpecified, let 
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.) n u 
W 

n 
3 

f 

n a 
Y 

CI 

Y 
0 

E 
Y 

B 
& a 
Y 
I) 

t 
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Calculate mnxfmsap pulre width 

u m x q - T -  . 
v2 

Calcutta the conatant 

am- . 
2 

Uriw the approprfate prrametric curve fa Fig. (I-l(b), deteradnn the 

Uxtarrn ttalua O f  Ip, tho peak collctctot CUnmrt. 

Select Qb1 havfng 

fpl < 0.1 a , - ZP 
frat n i t c h f q  chrractrrirtfca, a d  collector dfariprtioa > 30% Pn. 

h t e  from FQ.  8*1@) thrt Vtr my k reduced if a brmr value of 

unx tp can k accwdated; howurrt, the l m r  curtent 

tenrlt in lerr p#rr b 0 8 e  

u r u l l y  



88 

!le lect e2 having 

BVcg > 1.5 V2 , and 

other chr r rc te r ie t ics  which a re  the r rm a8 Q 
41' 

bt R be rpproximately equal t o  the r r t u r r  ion value of the  bare 42 
reair t rnce o f  041 a t  the' mxiranr value of fpo 

him Fig, 8-l(c) deterdm L4, the primary induc t r ce  of T41. For 

p o d  efficiency, uae e t O r O f d 8 1  core with hi8h Q rt fro 

p r i u r y  turn), B4, and check that the core Vi11 not rrtarrte r t  uta% Ip. 

Crlculr te  the required d e r  of tu- for  the clrapiiq windfa$, tf5* 

Determine the 

u r i a  

where 

when it Ir r r tur r ted  with a col lector  current e q w l  to lpIx 5. Check 

tha t  t h i r  vr lue of tVs doer tlot exceed th. rxinull (limn by 

rad Vm ate the b e e  current rad b r a - e d t t e r  ooltrt. for Qb2 

(Thio ir bred upon caariderrtioar #et fort# in Ghrpter 7 rad (5-42)). 

If derired, a -re elrborrte filter my be ured &a pbce of Cb2. 



E. Driver Stage 

I f  Pm < 100 watt) the c i rcu i t  asc~ocirted with Q32 m y  be omitted, 

(See Chapter 4) Select eo be rpptoximrtely 1/2 the effectivu 

bare resistance of Q41. 

i r  tequtted, 80 8s t o  decrerre m e r  108s i n  the brre driw circuit .)  

@41 m y  be eliminated when l r rge bare currant 

C 8 1 C U l 8 t e  the turn8 rat io ,  

arm- , (4-3) 
% Vm + ZB R41 

Select Q,l hav fq  

@ (8t 81n fl I, fa 8 8 t U t r t & O t I )  > 30 

a lm collector-emftter wltrgl. i n  rrturrtfon, a d  f a r t  witching 

character istics . 
Specify the tilt factor, 0.9 q > 0.7 b Itstirarte kT for 

Calcubte  the recoadrry inductdace 



with high Q a t  f,. batemine fmn the core data the value of '02 

required t o  obtain L2. 

Calculate Ill urin$ the  turn8 ratio determined ear l ie r .  Calculate 

If derked,  the perk value of p r imry  current m y  be determined aria@ 

(4- 10) * 

lktemine 43 experimantrlly by selectin$ the largest  value which 

elfdtmter m y  uncerrive ring- that may occur when owttcher. 

& h C g  U8iw 

El, V w  

*b 51 ' 

Detrrdne A by 32 
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where Vm and IB refer  t o  Q 

relecting a velue which reeul t r  i n  the mort e f f ic ien t  operatioa of Q 

switcher. If needed, (I sene? 

to  prevent fa i lure  from voltrge 

e Experimentally determine C32 by 
32 

41' 
Voltrge qiker m y  occur when Q 

31 

31 
diode, pS2, my be plrced acrorr Q 

8 p i h 8  in  e%Ce88 Of mcE of Q31* 

C. Pulrr-Width MDdulatoi 

Select a type of oprratioual amplifier or colnprtrtor for  +1, 

+, and A*:, which met8 the foXloviw requirermnrtrt 

rymaatric bipolar output; 

high gain; 

h b h  input impedance; 

lou output iaqedmnce; 

a d ,  low quiercent pawrr conrumption. 

(A M.109 integrated amplifier m y  prwe r r t i r f ec to ry  i n  mort carer). 

The derim of the o rc i l l a to r  w i l l  be cotuidered f k r t .  For use iP 

(3.4). which f o l l a n ,  relection of K = 3 will yield rearourbh l inear i ty  

a d  rhould ruff ice  for  mort applicrt ioar,  

of K follows (3-l3) in  Chrpter 3.) &cperhn ta l ly  determine I$, the 

88hrrrted output of Calculate E 

(A di6Cu66~0!a of the aelectioa 

Pk 

&cvriting (3.8). obtain the product R23Czr a8 
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Select C21 rnd €4 

f rc tory choice of C21 for f, of 10 I& is 0,003 pfd, 

ruch t h r t  the r'bovs equation i r  ra t isffed.  A rrtir- 23 

k l e c t  1$4 a d  %5 ruch that  

t-- R24 + 5 5  (3-3) 

Valuer in  the t r e e  from 10 kn t o  100 I& w i l l  yield r r t i r f r c t o r p  re ru l t r .  

The only other r e s t r a in t s  on 

large enough to prevent overlording 'LZl and mrch rrarfler than the input 

iapedrncr of 

€$4, m d  $s are t h r t  they rhauld be 

To begin the derign of the COQplrator c i rcu i t r ,  calculate the peak 

1 (3-10) 
perk err - Bp 

rnd A 

'r 

k 
ohould bo relected luch that 

27 

L 2 L V - k  * 
1 2  5 6  + %7 

A potentbmter m y  be ured for I)11,80 rhoua in the rchemtic  

dLgrrr, to provide au rdjuotrblr  reference, p, for precire rdjurtuunt 

of .the urduttor, n e  p o t e n t h m t e r  u p  t b u  be replrced by f h e d  r e r f r to r r  

with valuer correrpondiq to  the voltrge dittirioa provided by the 
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patentlameter. 

to reduce quiescent power consumption. Letting R26 + R2, = 200 k w i l l  

p rwide  r a t i s f ac to ry re ru l t s .  The value of R2* is not c r i t i ca l ;  

hauever, i t  should be rmaller than the input impedance of +2 and +3* 

The combination of R26 + R2, should be large in  order 

l$o i r  relected t o  be rmch smller than R and large enaugh t o  22 
ptcvent over10ading All when the zener voltage of Dzl o r  D22 is ex- 

ceeded. 

Calculate rrmx e,, the value of e (t) required to obtain T~~ 
c ,  

“R22 by rolving (3-10) f e r  e, and l e t  t .I 1 and Rc = Rt 
m X  

(3-10) 

Select D21 and D22 3 h n n  zener voltages which a r e  appraximrtely equal 

t o  lplx eC. 

exper l m n t r  l l y .  

The exact value of the tener voltage should be d e t e d n e d  

D. Input Stage and Amplifier Conflgurrtiono 

The input rtagr i n  rhtnm i n  Fig. 2-1. The f i r s t  consideration f m  

t ?e select ion of All. Arl rhould have the following characterist ics:  

hfah grin; 

hf& fnput fmp.&nce; 

low output impedance; 

low offmet voltage; 

law d r i f t ;  
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low quiescent power consumption; 

and, symmetric, bipolar output. 

Rll, 88 mentioned in  Chapter 6, rerver a dual purpose in  determining 

the gain of the input rtage m d  the  gain of the overall  closed loop 

amplifier when used as a d i f f e ren t i r l  amplifier or c non-inverting 

amplifier. 

the dosed-loop gain ir ,  

For instance, i n  the d i f fe ren t ia l  amplifier of 'Fig.  6-3, 

The gain of the tnput stage i r ,  

Z t  fr  derirrble  tha t  the gain of the input stage be large in order that  

the overall amplifier w i l l  have a high open-loop gala. 

Notice,' from (2-1) tha t  for Ai to be large, %1 << \2. Alro, 

from (6-4), for Av to  be greater than 1, Rll > %. Thus, 

5 < RI1 <<R e 
12 

Alro, R2 should be a8 large a8 possible since from (6-5), 

lit 4 generally 1 high input 

the uon-inverting amplifier 

R I 2 .  

dance is desired. A ridlrr aar lys i r  of 

l d  yield ifmifar r e r t r i c t ion r  on Rll and 

For the inverting amplifier, Rtl doer not a f fec t  the clored loop 

mplifier, and RI1 and RI2 m y  be relected without 



regard t o  overall  amplifier consideratio 

12 
Considering a l l  of the above r e s t r i c t ions  it is apparent tha t  R 

rhould be a s  large a s  possible. 

A i  - 1000 should prove ra t i s fac tory  i n  most applications, After R12 

R 5Mn has been used success 

ave been decided upon, Rll m y  be calculated by rewriting (22-1) 

a s  

Rll 
Ai - 1 

I f  a d i f f e ren t i a l  amplifier is desired, a6 l a w n  in  Fig. 6-3, 

choose 

- 
R 1  - R2 # and 

R3 = R1l 

If the non-inverting configuration is desired, a s  fn Fig. 6-2, choose 

Rll and R12 18 before, and noting th8t 

R + R3 
A - 1 1  , 

R1l 
V I (6-3) 



therefore, R muat be chosen large enough t o  sa t i s fy  input impedance 
1 

requirementr. 

b n c r  dioder Dll end Ol2 are  relected with 8 zener voltage p r a t e r  

then mx ec and leer than the raturated output voltage of All. W a r  

D1, and D14 are  small signal dioder. There dioder along with the pulse- 

width l imiting. c i r cu i t ry  allow the amlplifier t o  withrtand extremely 

large input voltages without exceeding the mxinum power output or 

d8Mgh8 the 8mplifieP. 

When curreat feedback is desired, 8s %a Fig. 6-4(b), 8 small 

mempliag r e r i r to r ,  Rr, m a t  be inrsr ted in  aer ier  wfth the lord, and the 

feedback taken actoar t h i r  element. % rharld be ray11 to mdrriraire 

power loa# i n  t h i r  r e r i r to r ,  With 0, the transconductance r p c i f i e d  

and Rx #elected, the required Av ir given by (6-8). 

Once A,, $8 determined, the r e r i r t o t r  R1, I$, 8nd % a r e  d e t e d n e d  a0 before. 

Ih. c i r cu i t ry  and component valuer needad for  compensating the fa- 

put stage and for  null ing the offret ,  111 mentioned i n  Chapter8 6 a d  2, 

depend on the emplifier ured in  the input rtage. This will be treated 

i n  the derisJa .xmple in Chapter 9. 
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9. DESIGN exANpLg 

Thir chapter presents a schematic diagram a d  parts list for a 

C~III-D, d-c unplif ier which was designed using the procedure prerented 

i n  Chrpter 8 .  The deri$n specifications are given i n  Table 9-1. The 

rchenutic diagram of the amplifier is shown i n  Fig. 9-1, and the par t r  

l i r t  i 8  given i n  Table 9-2. 

configuration with current feedback. The 8WitChing frequency is 20 ttIlr., 

conriderably higher than th8t which i r  required t o  provide an upper 

cutoff freq ncy of 100 Hr. 18 specified i n  Table 9-11. A rwitchfng 

frequency of 20 W. was choren t o  pennit the ure of rmller trana- 

The amplifier is in a di f fe ren t ia l  input 

fOZm@t8 and t o  8iPrplify tha f i l t e r  derign. 

The U709 integrated-circuit operation81 anplif,ier war relected 

fo r  ure' i n  the input rtage. The of fse t  nulling c i r cu i t ry  coaposed of 

113, W14, 8nd itis is the c f r c u i t w  which ir recommended by the manu- 

facturer.2 The cdmpenration compoahntr Al6,  C l l ,  a d  C12 were choren 

t o  r t a b i i i t e  the overall  clored-loop tlllplifier. 

Several tests were made of the performace of the cl8sr-D tlllplifier. 

The +e8ult8 of there teltl, aNL prerented gr8phically. Pig. 9-2 8 h m  

the law-level l inear i ty  of tw q i i f i e r  at  -4OOC., 230C.. and 130%. 

There war a dead tone of approxinutely 0.008 voltr at a l l  t 

The tranrfer charactariatic of the uapl i f ie r  i r  r h m  i n  Pig. 9-3. 

The d-c pave? efficiency of the ch8r-D amplifier i r  rhom i n  Pig. 9-4. 

The d - -  efficiency war calculated 88 d-c power output t o  the load divided 

by average power f r m  a11 powr rupplier. The paver coarumption of 

98 
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IS0 wrttr 

106 Ht. 

.I aP 60 Volt8 

f 12 vo l t r  

Current feedback, 

Mf ferentia 1 i npu t configuration . 
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Reference 
Symbol krc t ip t ion  

I 

s 
I 
E 
E 
E 
f 
E 
E 
2 
8 
E 
l 
2 
B 
I 

I 
1 
1 
1 
1 

a 
E 
8 
a 
E 
a 
E 
a 
1 
1 
II 
1 
1 
8 

. a  

a 

a 
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Reference 
Symbol krcription 

T31 

T4l 

F 
F 
F 
F 
F 
0 
T 
N 
N 
N 
T 
N 
19 

R3 1 
b 2  
&33 
Q2 
a1 

.xed reiiatot,  4706 0 ,  10%. 114 watt 
s e d  reriator, 22 kn, 10%. 114 watt 
.xed realator, 10 kn, loX, 114 watt 
.xed reilator, 5.1 0 ,  5% 2 watt 
,xed, non-Inductive wire-wound reairtot, 

ba~fonaer ,  core 35206 (Wgnetlca) 
I, 818 tutna, AWG no. 34 
1 ,  106 turnr, AW6 no. 26 
1, 1000 turns, AW6 no. 37 
b(IIUfonner, core 55310 (Wgnetlcr) 
,e 29 turni, AWO noa 17 
i, 2 turlu, AWG no. 17 

i n, 0 .5%~ io w i t t  
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Pig. 9-2-A gt8ph showing ehe'low-leval llneariey o f  the c18sr- 
D amplifier 8t  -46%. 25OC.. and 130°C. 
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the input stage, modulator, and driver i r  plotted as a function of power 

output i n  Fig. 9-5. It should be noted thAt quiescent power consumption 

is less  than 250 milliwatts, Plots of the gain and the phase charac- 

t e r i r t i c s  of the amplifier are shown i n  Fig. 9-6. The zero db. lewl 

of the gain character is t ic  corresponds t o  an R24S output voltage of 

14.1 volts.  

Fig. 9-7 is an oscllloscope photograph of the output current wave- 

form with the amplifier operating in to  an inductive load, The load, 

which simlates a torque motor, is 9.M i n  series with an inductance 

of 36 mH, The frequency of the signal shown i r  approximately 13 Ha. 
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8.0 

Is 

8 J 

1 0  

-3.0 
0 OXM 0.10 

TlMe-SCONDS 

tput current wavefonn due t o  a 1 5 4  
input signal 'with the class-D amplifier operati* 
l n t  d .  



10. coNcuIsxoNs 

The clerr-D amplifier exhibit8 reveral ch&r&CterirtiCr which are 

advantageous i n  a power amplifier. The clarr-D anpl i f ier ,  which w8r 

prerented a8 a derign example i n  Chapter 9 ,  produced bipolar output 

voltage8 from d-c t o  approximately 800 Hr with high efficiency. Figurer 

9-2 and 9-3 dernonrtrate the l inear i ty  which war obtained uring negative 

feedback. The ure of the raturated-switching mode of operation i n  the 

dr iver  and output rtager, and the ure of integrated c i rcu i t8  i n  the 

other r t rger  rerulted i n  

0.25 watts, &r rhown i n  Fig. 9-3. 

conrurmption of the f i r r t  three rtager of the m p l i f i e r  ir relrtively 

qui te  8-11 in  compariron with the power output of the amplifier. 

quiercent power coruumption of lerr than 

It my r l r o  be noted thrt the powet 

In  order t o  depict the d-c efficiency which m y  be e w c t e d  of 8 

rlarr-D amplifier uring the output c i r c u i t  which ha8 been prerented, 

the d-c efficiency of reveral  clarr-D amplifiers, which were conrtmctrd,  

war plotted i n  Pig. 10-1. 

data war plotted a8 a function of per-cent power output, and the regioa 

I n  order t o  allow di rec t  canpariron the 

where the curve8 f e l l  was rhaded. Clara-D m p l i f i e r r  rated at  lerr 

than the 150 Watt8 tended t o  be more ef f ic ien t ,  and the c u m 8  f o r  

there f e l l  p n e r r l l y  slow the upper edge of the rhaded region. A 

365-watt derign produced the curve which f o l l o w  the lawar edga of 

the rhaded region, 

Although the c i r c u i t  prerented i r  highly e f f ic ien t ,  8 diradv8nta@ 

ir the need f o r  two reparrte power rupplier for the output stage. h c h  
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Big. 10-1-4 graph ohawing the cumulative 
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pauer rupply anrrt be able t o  rttpply the maximurn power requirement a t  

f u l l  output, It may alra be noted that ,  due to  the direct-coupled 

nature of the output c i r cu i t ,  the maximum output voltage cannot be 

greater than the rupply voltage. 
\ '  

Radio-frequency interference may be a problem i n  a m  rpplicationr. 

Thir interference i r  primarily the r e ru l t  of voltage t ranr ients  arrociated 

with the inductive elements in the output etoge, 

Since low-parr f i l t e r i n g  i r  employed t o  demodulate the output 

rignrl, there w i l l  be conriderable phare r h i f t  i n  the output riglul 

near the upper cutoff frequency. Therefore, when uring negative feed- 

back, proper care mrt be taken to arrure  r tab i l i ty .  

, 

On the bar i r  of the infonnation prerented, clarr-D amplification 

appear@ t o  be rui table  for  power Pnplification where high efficiency 

and lau quiercent power conrumption are der i rablr ,  It har also been 

ahown that  good l inear i ty  m y  be obtained when nesative feedback i r  

employed 
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APPEND= 

LIST OF SYMBOU 

a - h p e d  conrtant defined i n  (5-19). 

A i  - Clored loop voltage gain of input rtage. 

A, - Clored loop voltage gain of overall  amplifier. 

# BVaa - Base-emitter breakdown voltage, 

E - Ratio of d-c output voltage t o  rupply voltage, 

egg - b i t t e r  - base volhage. 

ec - Control voltage (output of the input rtage). 

ed - Difference voltage between ef and e$* 

e, - b i t t e r  voltage. 

ef - Feedback voltage. 

ei - Input voltage. 

em - Scaled a m  of ec and et i n  modulator. 

eN - Output voltage of the N-channel c a q ~ r a t o r .  

eo - Output voltage acrorr the load, 

Bo - D-C output voltage acrorr the load. 

ep - Output voltage of the P-channel comparator. 

Ep - Peak value of ep. 

Ipk - Peak value of et* 

E, ,. Reference voltage i n  modulator. 

e, - Square wave octput voltage of the multivibrator. 

ea’ - Scaled rquare wave a t  non-inverting terminal of AZ1. 

1U 
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E, - Peak value of tis. 

e t  - Triangular waveform generated by the multivibrator. 

e1 - Driver transformer primary winding voltage. 

e2 - Driver t r ans fone r  secondary winding voltage. 

e3 - Driver transfonner auxi l iary (shorting) winding voltage. 

e4 - Voltage acros8 inductor L4 (primary of output-circuit transfonadr). 

es - Voltage across recondary (clamping winding) of output-circuit tranrfonner. 

- Maximum value of e4. 

es Blclx - Maximum value of e5. 
% nux 

. f, - Switching frequency (of the pulae-width modulated waveform). 

f2  - Upper cutoff frequency of the amplifier. 

g - Ratio of minimum t o  maximum current  i n  each driver pulse. 

0 - Closed-loop transconductance of the overall  amplifier when current 
feedback i n  ured. 

I - Wormrlited value of Ip. 

IB - Bane saturation current a t  maximum col lector  current. 

It - b C  load current.  

Io - Average output current t o  the load, 

Ip - kcak col lector  current i n  the output t ranr intor .  

11 - Driver transformer primary current. 

12 - Driver transformer recondary current. 

12 - Average current from the V2 nupply. 

t4 - Current through inductor L4(primary of output-circuit transformer). 

K - Ratio of E, t o  Bpk f o r  aul t ivibrator .  

K' - ScalLrlg factor ured i n  modulator design (p. 25). 

Ll - Rimrr) inductance of dr iver  tranafonner. 
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+ - Secondary inductance of dr iver  transformer. 

Lq - Primary inductance of the output-circuit transformer. 

max ec - Control voltage required for  maximum pulse-width. 

m x  8, - H e x i m  d-c output voltage. 

mx 1, - M a x i m  col lector  current for  a transistor. 

m x  1- - Maxianan forward current fo r  a diode. 

m x  il 0 Peak primary current i n  the dr iver  transformer. 

Nt - Primary-to-secondary turns r a t i o  of dr iver  transformer. 

ki 
N4 - Number of turns on primary of the output-circuit transformer. 

Ng - Number of turns on the secondary of the output-circuit transformer. 

Pm tiaxiraura d-c power output. 

Po .I Output power to the load. 

P2 - Input power f ran  the Vz supply. 

Rr - Current-sampling r e s i s to r  ured i n  current feedback configuration. 

Rb - Lead resistance. 

R, 0 Source resistance. 

QAT - Collector-emitter ra turat ion resistance at  maxinnnn col lector  
current. 

T 0 Period of the pulse-width modulated (switching) waveform. 

tf - Fall  tim for a t ranr i s tor ,  

t, - Storage delay time for  a t ranr is tor .  

VN - Ikse-emitter ra turat ion voltage at  mxiunun col lector  current. 

V1 - Positiwr supp!y voltage fo r  the input stage, modulator, and driver. 

Vi - Negative supply voltage fo r  the input stage, modulator, and driver. 

V: - Poii t ive supply voltage fo r  the output stage. 

+ 



118 

- Hegative supply voltage for  the output stage., 

21s - Input impedance of the overall  amplifier. 

u - masure of non-linearity of et(t). 

a' - Per-cent non-linearity of et(t). 

A -  Ratio of pulse width t o  period of switching waveform. 

q .I Overall amplifier efficiency. 

- Output stage efficiency. 90 
t - Modulated pulse width (on-time of the dr iver  and output transistors).  

t' - Clamping interval  of the output c i rcu i t .  

t" - Time between the end of the clamping interval  and the beginning 
of the next output pulre(dead-time), 

tmX - Maxim? pulse width (maximum on-time for  the driver and output 
t rans i r tor r )  - Angular frequency of the control signal,  

- Angular switching frequency. 
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